An efficient catalytic effect of petals and flowers like CuO nanostructures (NSs) on the degradation of two organic dyes, methylene blue (MB) and rhodamine B (RB) were investigated.
Introduction
In the last few years, synthesis of metal oxide nanostructures with desired architecture has received considerable attention due to their unique properties and potential for many applications [1, 2] . Among metal oxides, cupric oxide (CuO) is a p-type semiconductor with a narrow bandgap of 1.2 eV [3] . The synthesis and application of CuO nanostructures are of practical and fundamental importance. CuO is used in various applications like gas sensors [4] , solar energy conversion [5] , electrode material in lithium ion batteries [6] , as field emitter [7] , and as a heterogeneous catalyst [8] . Due to the versatile properties and diverse applications, various kinds of CuO nanostructures and microstructures e.g. nanorods, nanosheets, and nanodentrites as well as honeycomb-like, urchin-like and dumbbell-like structures [9] [10] [11] [12] have been synthesized using a variety of fabrication techniques including the chemical bath method, sol-gel method, gas phase oxidation, micro-emulsion, and many other techniques [13] [14] [15] [16] .
Among these techniques the wet chemical growth method is widely used due to its low temperature, easiness, and cost efficient nature compared to other fabrication techniques.
Industrial dyestuff comprises one of the largest groups of organic compounds that cause discolouration of water and cause great loss of aquatic life. The removal of these colors and other organic materials is a priority for ensuring a safe and clean environment [17] . Advanced oxidation processes (AOPs) have been used during the last decade to degrade dyes in aqueous media without the formation of hazardous by-products [18] . AOPs are based on the generation of very reactive species such as hydroxyl radicals (OH -) that oxidize a broad range of pollutants very quickly. But the high operating costs of these processes are their main disadvantage [19] .
Irradiation sources have a crucial role in enhancing the activity of catalysts, and UV radiation sources are widely used but they are also expensive and polluting [20] .
catalyst. Previous studies indicate that the catalytic reaction is apparently a structure sensitive process and the oxygen surface lattice of CuO is involved in the reaction [21] . The catalytic reactivity of CuO nanostructures depends on the shape and the exposed crystal planes. Hence the architectural shape-controlled synthesis of CuO structures may be helpful for designing novel structures with desired improved performance [22] .
Here, the catalytic activities of CuO nanostructures (NSs) were examined through the degradation of rhodamine B (RB) and methylene blue (MB) in the presence of hydrogen peroxide H 2 O 2 . The CuO petals demonstrated the highest catalytic properties for the degradation of RB and MB in short time. The catalytic performance of CuO petals and flowers studied here suggests that these NSs are efficiently used to degrade the RB and MB.
Experimental Section

Synthesis of CuO nanostructures
Copper nitrate trihydrate (Cu(NO 3 ) 2 . 3H 2 O), hexamethylenetetramine (HMT), sodium hydroxide (NaOH), methylene blue (MB), rhodamine B (RB), and commercial copper oxide (CuO) powder were purchased from Sigma Aldrich. All chemicals used were of analytical grade and used without further purification. to the dye solution, and the mixture was allowed to react for 30 min to reach equilibrium. After a given time interval, 2 mL of solution was withdrawn and the UV-visible absorption spectrum was measured.
Characterization
The morphology of the as grown CuO NSs was examined using field emission scanning electron microscopy (FESEM) complemented by transmission electron microscopy (TEM) measurements. The crystal phase and crystallinity were analysed by X-ray diffractrometer (XRD). A UV-visible absorption spectrometer was used to determine the absorption of the degraded solution of MB and RB. Nitrogen adsorption measurement was performed by Autosorb-1Q Quantachrome Instrument volumetric adsorption analyzer to determine the specific surface area of the CuO NSs. Interestingly petals are composed of nanowires (NWs) and these NWs are assembling through oriented attachment to form nanocrystals. According to the oriented attachment growth model of NSs, we expect that the CuO petals NSs were formed by NWs aggregation [24, 25] . 
Catalytic effect of CuO nanostructures
Catalytic activity in rhodamine B
The catalytic activity of flowers-like and petals-like CuO NSs was investigated for the degradation of rhodamine B in the presence of H 2 O 2 at room temperature, while examining RB absorption spectrum using the UV-visible spectroscopy. The structure of RB is shown in figure   4 , with absorption peak of at ~ 554 nm, which was carefully monitored at various time intervals [26] . As can be seen in figure 5e, in the absence of CuO NSs, RB is barely degraded when only reactivity of the vacancies is associated with the high energy of the defects [27, 28] . CuO petals may contain more oxygen vacancies in their structure and produces more hydroxyl ions which are one of the active species to degrade MB and RB dyes.
Catalytic activity in methylene blue
To confirm our results, we used another more stable organic dye, methylene blue (MB), to study the catalytic activity of the CuO petals and flowers-like NSs. The amounts of MB, H 2 O 2 ,
and CuO NSs were kept fixed as mentioned above and the chemical structure of the MB dye is shown in figure 4 . The absorption curve of the MB with a maximum peak at ~ 664 nm was used to evaluate the degradation process of MB.
The catalytic process was again observed via UV-visible spectroscopy. At similar chosen reaction intervals as for the RB, and since the MB is known to be more stable compared to the RB, the catalytic reaction was allowed to continue for 24 h to completely degrade the MB
The typical UV-visible spectra of the degradation of the MB aqueous solution are shown in figure 5 c on the surface of the CuO petals and consequently, more hydroxyl radicals will be generated, and destructively oxidizes the MB dye, as discussed below [29] .
Previously H 2 O 2 has been used for the oxidative degradation of organic dye; however the more stable MB dye is much more resistant to H 2 O 2 oxidizer [30] . MB with RB dye, CuO NSs have a relatively strong catalytic response in the case of RB, as shown in figure 5e and 5f. RB takes only 5 h to completely degrade while MB degraded after 24 h under the same conditions. The RB has a large molecular size compared to the MB dye and due to this larger size more free radicals can react with RB and degrade it faster. The other possible reason is that the RB molecules contain additional end carboxyl groups that may effectively anchor onto the CuO surface, which in turns enhances adsorption of the RB compared to MB [26, 34] .
The kinetics of degradation was studied for the RB and MB dyes. The degradation reactions of all CuO NSs with both dyes exhibited pseudo-first-order kinetics model with respect to the degradation time. The results were nearly consistent with the liner equation [35] . To check the reusability of the CuO NSs as a catalyst, we collected the CuO petals after the degradation process then we thoroughly washed them with DI water, and left them to dry at room temperature. The collected CuO petals have the same weight as when was used in the first catalytic reaction. The collected CuO petals were put in the MB solution in combination with the H 2 O 2 using the same procedure as discussed above. The degradation of the MB was observed with UV-visible spectra for the first 5 h and it showed 35% degradation (not shown here), while in comparison with that for the fresh CuO petals it was 45% during this time. We can predict from this result that the CuO petals are reusable.
Conclusion
In conclusion, CuO petals-and flowers-like nanostructures were used to degrade the two commercial organic dyes, MB and RB. The degradation of the MB and the RB in the presence of The possible reasons are the higher specific surface area of CuO petals. These CuO NSs have the potential to be used as a room temperature catalyst without using any specific light source.
